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a b s t r a c t
Surface pressure ()–molecular area (A) curves were used to characterize the packing of pseudo-ternary
mixed Langmuir monolayers of egg phosphatidylcholine (EPC), 1,2-dioleoyl-3-trimethylammonium
propane (DOTAP) and l--dioleoyl phosphatidylethanolamine (DOPE). This pseudo-ternary mixture
EPC/DOPE/DOTAP has been successfully employed in liposome formulations designed for DNA non-viral
vectors. Pseudo-binary mixtures were also studied as a control. Miscibility behavior was inferred from
–A curves applying the additivity rule by calculating the excess free energy of mixture (GExc). The
interaction between the lipids was also deduced from the surface compressional modulus (Cs−1). Theene delivery
gg phosphatidylcholine
,2-Dioleoyl-3-trimethylammonium
ropane
--Dioleoyl phosphatidylethanolamine
deviation from ideality shows dependence on the lipid polar head type and monolayer composition. For
lower DOPE concentrations, the forces are predominantly attractive. However, if the monolayer is DOPE
rich, the DOTAP presence disturbs the PE–PE intermolecular interaction and the net interaction is then
repulsive. The ternary monolayer EPC/DOPE/DOTAP presented itself in two conﬁgurations, modulated
by the DOPE content, in a similar behavior to the DOPE/DOTAP monolayers. These results contribute to
the understanding of the lipid interactions and packing in self-assembled systems associated with the
ty of
 in vitro and in vivo stabili
. Introduction
Cationic liposomes have been intensely studied as non-viral
arriers for DNA delivery in vitro and in vivo for gene vaccine
nd therapy for over 20 years [1–3]. In the ﬁeld of gene vac-
ine, liposomes composed of the ternary lipid composition egg
hosphatidylcholine (EPC), 1,2-dioleoyl-3-trimethylammonium
ropane (DOTAP) and l--dioleoyl phosphatidylethanolamine
DOPE) 2:1:1 molar have been successfully tested in vivo as DNA
arriers against Hepatitis B [4–5]. More recently, the performance
f EPC/DOPE/DOTAP carrying DNAhsp65 also against tuberculo-
is was evidenced by our group [6]. In this last case, the cationic
iposomes were electrostatically complexed with DNA and vac-
ination in one intranasal single dose reduced the DNA dosage
y 16 times when compared to the naked DNA. Moreover, the
erformance of these liposomes, in tuberculosis vaccination, has
∗ Corresponding author at: Departamento de Processos Biotecnológicos, Facul-
ade de Engenharia Química, Universidade Estadual de Campinas, UNICAMP, Caixa
ostal 6066, 13083-970 Campinas, SP, Brazil. Tel.: +55 19 35210397;
ax: +55 19 35213910.
E-mail addresses: latorre@feq.unicamp.br, lucimaratorre@gmail.com
L.G. de la Torre).
927-7765 © 2010 Elsevier B.V. 
oi:10.1016/j.colsurfb.2010.11.030
Open access under the Elsevier OA license. liposomes.
© 2010 Elsevier B.V. 
shown to be superior when compared to other DNA carriers such
as (poly dl-lactide-co-glycolide-PLGA/trehalose dimicolate-TDM
microspheres) aswell as the respective encoding recombinant pro-
tein [7].
Despite the promising in vivo results, there is a lack of informa-
tion about EPC, DOTAP and DOPE speciﬁc molecular interactions
and surface miscibility, which should be correlated with the sur-
face lipid packing as well as in vitro and in vivo liposome stability
and DNA delivery [8–9].
The lipids of the ternary EPC/DOTAP/DOPE mixture have dif-
ferent properties, such as: (i) EPC is a natural zwitterionic
phospholipid with broad acyl chain (saturated and unsaturated)
distribution; (ii) DOPE is also zwitterionic, though its polar amine
headgroup is smaller and has a higher charge density than the
choline group; (iii) DOPE and DOTAP are synthetic lipids with one
double bond (18:1) andwith the same acyl chain length. (iv) DOTAP
is a cationic phospholipid. The differences between these lipids
probably result in distinctmolecular interactions depending on the
lipid composition.
Open access under the Elsevier OA license.The majority of the experimental and theoretical studies on
molecular interaction and miscibility are related to binary lipid
mixtures, mostly composed of one cationic and one zwitterionic
lipid [10–13]. Depending on the type of lipids, the molecular inter-
actions and the monolayer properties are drastically modiﬁed.
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onsidering the interaction between two zwitterionic lipids such
s EPC and DOPE, there are some studies concerning the spe-
iﬁc interactions of synthetic lipids. These systems were reported
s non-ideal, for which the existence of intermolecular hydrogen
onds in PE plays an important role in determining the membrane
roperties [14,15]. The speciﬁc DOTAP/DOPE monolayer was con-
idered, from a thermodynamic point of view, as an ideal mixture
16]. However, analysis from atomic force microscopy for the same
ipid mixture (DOTAP/DOPE 1:1 molar), in a planar bilayer, demon-
trated that the lipid interactions are cooperative due to the lower
OTAP/DOPE bilayer thickness when compared to the pure com-
onents [17].
Considering the importance of the mixture EPC/DOPE/DOTAP,
e extended the previous ﬁndings, studying the molecular inter-
ctions in this ternary mixture. The binary monolayers were
lso studied as a control, and for a better understanding of the
ore complex ternary monolayer. The Langmuir monolayer was
he system used to elucidate the structure-packing behavior and
o investigate the molecular organization in a constrained two-
imensional environment (air–water interface). A systematic study
as designed in order to evaluate the nature of the interactions and
he surface miscibility behavior. We used commercially available
ipids, supplied in bulk amounts, aiming for their future appli-
ations in large scale processes. This study contributes to the
onscious use of EPC, DOTAP and DOPE lipids in liposome com-
osition for gene delivery applications.
. Materials and methods
.1. Materials
The investigated lipids were purchased from Lipoid. The egg
hosphatidylcholine (EPC) is a natural lipid (96% of purity). The
,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) (99.8%
f purity) and the 1,2-dioleoyl-3-trimethylammonium-propane
DOTAP) (98% of purity) are synthetic lipids. All chemicals were
SP grade. The term pure monolayer or one component was used
s a simpliﬁcation, despite the natural composition of EPC. The
ipids were used without further puriﬁcation. Water was puriﬁed
y Milli-Q-plusTM, deionized until resistivity of 18.2M cm and
ltered (0.22m).
.2. Monolayer measurements
Pure and mixed monolayers were prepared by spreading 20L
f their chloroform solutions (1×10−3 mol L−1) over a pure water
ubphase contained in a Langmuir trough (Insight, Brazil, total area
f 216 cm2), resulting in an initial zero surface pressure. About
0–15min were allowed for surface pressure stabilization and
olvent evaporation. Themonolayer (pure ormixed)was then com-
ressed by moving the lateral barriers at 0.42 cm2 s−1 until the
ttainment of collapse. In order to compare the curves for pure
ipid and mixed monolayers, both isotherms were recorded as a
unction of the average lipid molecular area. The experiments were
erformed at 25.0±0.5 ◦C, above the main phase transition of the
ipids. The main transition temperatures for EPC and DOTAP lipids
re −15 to −7 and 0 ◦C, respectively [18,10]. The lamellar/inverse
exagonal (L˛–HII) phase transition of DOPE in water mixtures is
.33 ◦C [19].
The experiments for mixed monolayers were performed
ndividually for pseudo-binary EPC/DOTAP, EPC/DOPE and
OTAP/DOPE and for the EPC/DOTAP/DOPE pseudo-ternary
ixtures.
The isotherms were recorded at least in triplicate. Each
xperiment was carried out using fresh solution to avoidces B: Biointerfaces 83 (2011) 260–269 261
chemical modiﬁcation. The maximum experimental error was
2 A˚2/molecule. Errors inmaking isothermmeasurements arise from
various sources, including solution preparation, solution delivery
to the surface, and temperature variations during solution prepa-
ration.
2.3. Data analysis
The data were analyzed through the main features of the
monolayers: minimum mean molecular area (Amin), collapse
pressure of the ﬁlms (col) and surface compressional modu-
lus (Cs−1 =−d/d lnA) [20,21]. Also, the deviation from the ideal
surface mixture was inferred from the molecular surface area addi-
tivity rule and excess free energy of mixing (GExc).
2.3.1. Deviation from ideality
The mean area per lipid in pure and mixed monolayers (A12
and A123) at a given surface pressure was determined and plot-
ted as a function of a lipid composition. The comparison with ideal
mixing was performed, considering A12 as linear function of com-
position, according to Eqs. (1) and (2), in the case of binary and
ternary mixtures, respectively,
Aid123 = A1X1 + A2X2 (1)
Aid123 = A12(X1 + X2) + A3X3 (2)
where Aid12 and A
id
123 are the mean molecular area for ideal mixing in
binary and ternary mixtures, respectively. A1, A2 and A3 are mean
molecular areas, of the respective component, in their pure ﬁlms at
a given surface pressure and X1, X2 and X3 are the molar fractions
of components 1, 2, 3 in the mixed ﬁlm. A12 is the mean molecular
area in the mixed ﬁlm. If the experimental curve differs from the
ideal curve (Eqs. (1) and (2)), a non-ideal behavior of the ﬁlm is
signiﬁcant, being positive or negative [21,22].
2.3.2. Excess free energy of mixing (GExc)
The interactions between the lipids were evaluated by calculat-
ing the excess free energy ofmixing according to Eqs. (3) and (4), for
binary and ternary mixtures, respectively. The GExc were plotted
as a function of the monolayer composition, for surface pressures
of 5, 10, 15, 20, 25 and 30mNm−1.
GExc =
∫ 
0
(A12 − X1A1 − X2A2)d (3)
GExc =
∫ 
0
(A123 − (X1 + X2)A12 − X3A3)d (4)
According to the GExc signal it is possible to identify the attrac-
tive or repulsive nature of the molecular interactions in the mixed
monolayer. Themore negative the GExc value, themore attractive
the interactions and the more stable the mixed ﬁlm is. Conversely,
the more positive the GExc value, the more repulsive the interac-
tions in themixedmonolayer are,when compared to thepureﬁlms.
The calculated GEcxmist was not inﬂuenced by error propagation,
which is negligible.
2.3.3. Compressional modulus (Cs−1)
Cs−1 was calculated according to Eq. (5) andplotted as a function
of the surface pressures. This value provides information about the
lipid packing in the monolayer and the higher the Cs−1, the more
packed the ﬁlm.C−1s = −A
(
d
dA
)
(5)
The calculated Cs−1 was not inﬂuenced by error propagation,which
is negligible.
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Fig. 1. (A) Surfacepressure–area (–A) isothermsof EPC/DOTAPmixedmonolayers formedat the air/water interface. (B) Surfacepressure–area (–A) isothermsof EPC/DOTAP
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ixed monolayers; the dashed lines were drawn based on the additivity rule. (D) Th
t various constant surface pressures. (E) Compressional modulus (Cs−1)– curves
Csmax−1) vs. composition of the mixtures, in terms of molar fraction of DOTAP, XDO
.3.4. Interaction parameter () and interaction energy (ε)
The coexistence phase can be theoretically simulated using Joos
nd Demel equation [23] under the assumption of a regular surface
ixture, which means with a hexagonal lattice in the lipid systems
Eq. (6)).
= x1 exp
[
(cm − c1)ω1
kT
]
exp[(x2)
2]
+x2 exp
[
(cm − c2)ω2
kT
]
exp[(x1)
2] (6)
here x1 and x2 denote the fractions in the two-component mono-
ayers and c1 and 
c
2 are the collapse pressures of components 1
nd 2, cm is the collapse pressure of the two-component mixed
onolayer at a given composition of x1 and x2, ω1 and ω2 are the
orresponding limiting area at the collapse point,  is the interac-
ion parameter, and kT is the product of the Boltzmann constant
nd the Kelvin temperature.
The negative  implies that there is an interaction energy
etween two kinds of molecules which is higher than the mean
nergy of interaction among the same molecules.The interaction energy ε was obtained according to Eq. (7) and
he higher this value the more intense the interaction is.
ε = −RT
6
(7)a from60 to80 A˚2. (C) Themeanmolecular area (A12) vs. composition for EPC/DOTAP
ss free energy of mixing (GExc) vs. composition for EPC/DOTAP mixed monolayers
C/DOTAP mixed monolayers. (F) Maximum values of the compressional modulus
e lines are just to guide the eye.
where RT is the product of the gas constant and the Kelvin temper-
ature.
3. Results
3.1. Binary lipid monolayers
The ﬁrst pseudo-binary mixture analyzed was EPC and DOTAP.
Fig. 1A presents the –A isotherms for EPC/DOTAP mixed mono-
layers. The proﬁles are characteristic of expanded liquids, without
phase transitions. The higher the DOTAP molar fraction, the more
expanded the isotherm is and no proﬁle modiﬁcation is observed.
The collapse pressure, col, varies from 47mNm−1, for pure EPC, to
37mNm−1, pure DOTAP (with increasing DOTAP molar fraction)
(Table 1).
A slight negative deviation of the molecular surface area addi-
tivity rule is observed through the non-linear course of the A12
vs. the monolayer composition (Fig. 1B), depending on the sur-
face compaction of the monolayer. At surface pressures lower than
20mNm−1 the deviations are evident for DOTAP mol fractions
above 0.6, while for higher surface pressures (20–30mNm−1), they
occur in the whole range of DOTAP concentrations. These devia-
tions together with negative values of excess free energy of mixing,
GExc (Fig. 1C)were interpreted as attractive interactions, conﬁrm-
ing the miscibility between the lipid molecules. The GExc reaches
a minimum (−1kJmol−1), for 0.5 <XDOTAP <0.7.
T. de Paula Rigoletto et al. / Colloids and Surfa
Table 1
Colapse pressure (col) and compressional modulus (Cs−1) for binary and ternary
monolayers as a function of the monolayer composition.
Lipid composition col (mNm−1) Csmax−1 (mNm−1)
EPC/DOTAP
0 (EPC) 47.8 82.5
0.2 44.9 76.2
0.4 42.9 67.2
0.6 39.1 64.3
0.8 39.0 54.8
1.0 (DOTAP) 37.0 60.0
EPC/DOPE
0 (EPC) 47.8 82.4
0.2 41.6 69.0
0.4 41.8 72.2
0.6 44.7 70.9
0.8 40.3 67.2
1.0 (DOPE) 49.5 105.0
DOTAP/DOPE
0 (DOTAP) 37.9 61.3
0.2 50.0 100.9
0.4 47.7 86.5
0.6 46.8 74.5
0.8 42.6 72.8
1.0 (DOPE) 49.5 105.0
EPC/DOTAP/DOPE
0 (EPC/DOTAP) 54.6 75.4
0.10 48.1 91.3
0.25 54.6 104.1
E
u
t
w
s
a
i
C
X
a
T
T
I
l
X0.50 43.0 79.1
0.75 47.4 75.4
1.0 (DOPE) 49.5 105.0
The interaction parameter () and interaction energy (ε) for
PC/DOTAP mixed monolayers are presented in Table 2. The  val-
es are negative for monolayers with excess of EPC and positive in
he case of DOTAP molar excess.
The inﬂuence of monolayer composition on the EPC monolayer
as also evaluated from Cs−1– curves, for different XDOTAP, as pre-
ented in Fig. 1D. ThemaximumvalueofCs−1 is presented inTable 1
s a function of the monolayer composition. Fig. 1D and Table 1
ndicate that EPC and DOTAP pure monolayers present maximum
s
−1 values of 82.5 and 60mNm−1, respectively. The increase of
DOTAP promotes the decay of Cs−1, in accordance with the mean
rea per molecule behavior observed in the isotherms of Fig. 1A.
his also means that the addition of DOTAP makes the monolayer
able 2
nteraction parameter () and interaction energy (ε) as a function of the phospho-
ipid molar ratios in the mixed monolayer.
Mixed monolayers
1/2; 1/2/3
X1X1 +X2a Interaction
parameter ()
Interaction energy
(ε) (kJmol−1)b
EPC/DOTAP 0.80 −0.79 −0.326
0.60 −0.76 −0.314
0.40 0.53 0.219
0.20 0.89 0.368
EPC/DOPE 0.80 3.90 1.610
0.60 4.21 1.738
0.40 2.44 1.008
0.20 3.72 1.536
DOTAP/DOPE 0.80 −49.50 −20.440
0.60 −6.33 −2.134
0.40 −2.68 −1.107
0.20 0.56 0.231
EPC/DOTAP/DOPE 0.90 2.29 0.946
0.75 −0.96 −0.397
0.50 4.33 1.788
0.10 1.98 0.818
a Lipid molar fraction for 3 components; 2X1 =X2 and X1 +X2 = 0.90⇔
1/X2/X3 = 0.60/0.30/0.10.
b Thermal energy at 25 ◦C=2.48kJmol−1.ces B: Biointerfaces 83 (2011) 260–269 263
more compressible or less elastic, in the sense of surface Young’s
modulus.
The –A isotherms for EPC/DOPE mixtures are presented in
Fig. 2A. Again, only an expanded liquid phase could be observed
without deﬁned phase transitions. However, any EPC/DOPE mix-
ture produced more expanded monolayers than the individual
components. The maximum expansion occurred for XDOPE =0.2,
with the highest values of mean molecular area per molecule
(Fig. 2B). For this pseudo-binary mixture, deviations from the addi-
tivity rule are prominent and they are observed for the whole
range of surface pressure values and monolayer compositions.
The positive deviation indicates that the EPC and DOPE inter-
actions are repulsive (or less attractive). In general the curves
exhibit two maxima at about XDOPE =0.2 and 0.8 (or XEPC =0.2).
Interestingly at XDOPE =0.6, the mixture almost does not show
departure from the additivity rule, and it could be associated
with a compensatory effect of enthalpy and entropy on Gibbs
free energy. It can be observed that for all EPC/DOPE composi-
tion the interaction energies (Table 2) are also positive, but below
thermal energy. The collapse pressures of the mixed monolayers
present lower values (around 41mNm−1) as compared to pure
EPC (48mNm−1) and DOPE (at about 50mNm−1) monolayers.
The highest value for mixed monolayers (around 45mNm−1) was
observed for XDOPE =0.6 (Table 2).
The GExc values are positive for this binary mixture for the
entire range of XDOPE, conﬁrming the repulsive interactions. The
lowest values of GExc (close to zero) (Fig. 2C) and A12 (Fig. 2B)
are reached for DOPE molar fraction in the range of 0.4–0.6. This
can be related to immiscibility or ideal mixture. The observed col-
lapse surface pressure dependence with composition in this range
of XDOPE indicates miscibility, as from Gibbs–Defay–Crisp phase
rule [24]. The highest GExc is 2.7 kJmol−1 for XDOPE =0.2, in accor-
dance to the respective isotherm (Fig. 2A). The Cs−1 ismaximum for
pure DOPE monolayer (Fig. 2D and Table 1). The mixed monolayers
are more compressible than the pure lipid monolayers, showing
minimum values of Cs−1 for XDOPE =0.2 and ∼0.75.
The  values and ε are positive for all lipid mixtures and
these signs resemble the variation of the GExc against the XDOPE
(Table 2).
DOTAP/DOPE binary mixed monolayers are all expanded liq-
uids and differ from the formers with respect to collapse surface
pressure (col) behavior (Fig. 3A and B and Table 2). The mixed
isotherms are in between the pure DOTAP and DOPE components.
For XDOPE =0.2, col is close to the pure DOPE, decreasing with
the XDOPE increment in the mixture. A non-ideal behavior for the
pseudo-binary DOTAP/DOPE mixture can be veriﬁed in Fig. 3B. The
prevalence of negative deviation occurred for surface pressures
ranging from 5 to 10mNm−1 and for XDOPE <0.6. Increasing XDOPE
to values higher than 0.6, the deviation is always positive. There
is a slight shift to positive deviation for higher surface pressures
(20–30mNm−1) and lower XDOPE. The GEx values are minimum
for XDOPE =0.5–0.55, reaching values as high as –1.50kJmol−1,
indicating favorable interactions for this monolayer composition.
Positive GExc values are observed above XDOPE 0.8 (Fig. 3C).
Elasticitymodulus, correspondent toCs−1 (Fig. 3DandTable 1) is
maximum for pureDOPEmonolayer (105mNm−1),which is higher
than the value obtained for pure DOTAP monolayer (60mNm−1).
The presence of DOPE until XDOPE =0.2 increases the maximum
compressional modulus, but a further increase in XDOPE causes a
decrease in Cs−1. For DOTAP/DOPE binary mixed monolayers there
is no correlation between a minimum in GExc and maximum in
Cs−1. Whereas the former occurs for XDOPE =0.5–0.55, the equi-
librium elasticity modulus exhibits a maximum for XDOPE ∼0.25,
where a secondary maximum in Cs−1 is also observed. This can
indicate that a relatively high average compaction of themonolayer
may occur even when the mixture is not thermodynamically more
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Fig. 2. (A) The surface pressure–area (–A) isotherms of EPC/DOPE mixed monolayers formed at the air/water interface. (B) The surface pressure–area (–A) isotherms of
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onolayers at various constant surface pressures. (E) Compressional modulus (Cs−
odulus (Csmax−1) vs. composition of the mixtures, in terms of molar fraction of DO
avorable. Comparing the interaction parameter values of Table 2,
e can conclude that the  and ε values resemble the variation
f GExc, with negative values for XDOPE =0.2–0.6 (Table 2).
.2. Ternary EPC/DOTAP/DOPE monolayers
The addition of DOPE to the binary EPC/DOTAP (2:1 molar)
onolayers was investigated (Fig. 4), aiming to evaluate the misci-
ility of DOPE into EPC/DOTAPﬁlms. The pseudo-ternary isotherms
re in between the DOPE and EPC/DOTAP isotherms, but the
ncrease of DOPE does not promote a systematic shift towards
he curve for one component ﬁlm (Fig. 4A). The same behavior
as observed for the collapse pressures (Table 1). The non-ideal
ehavior is clearly showed in Fig. 4B with a negative and positive
eviations for XDOPE lower and higher than 0.5, respectively.
The GExc at different surface pressures as a function of XDOPE
resented a minimum of −1kJmol−1 when XDOPE was in the range
f 0.1–0.4 and for surface pressures between 15 and 30mNm−1,
nd positive values for richer XDOPE monolayers (Fig. 4C).
The addition of DOPE to the EPC/DOTAP ﬁlms induces changes
n their molecular packing (Fig. 4D and Table 1), as identiﬁed
or Cs−1. The maximum Cs−1 was observed for DOPE monolay-
rs (105mNm−1), when compared to the binary ﬁlm (EPC/DOTAP)
ith a maximum value of 75mNm−1. The addition of DOPE to a
olar fraction of 0.2 increases Cs−1 to similar values of pure DOPEolecular area from 40 to 80 A˚2. (C) The mean area per molecule (A12) vs. composition
(D) The excess free energy of mixing (GExc) vs. composition for EPC/DOPE mixed
urves for EPC/DOPE mixed monolayers. (F) Maximum values of the compressional
OPE. The lines are just to guide the eye.
ﬁlm, decreasing to similar values of the binary (EPC/DOTAP) ﬁlm,
for monolayers rich in XDOPE.
The  and ε values are modulated according the XDOPE, reach-
ing negative value when it is 0.25 (Table 2). This behavior is
comparable to GExc proﬁle for  =10mNm−1.
4. Discussion
The lipid mixtures investigated in this study are used in differ-
ent applications, mainly as gene delivery systems for the treatment
of various diseases [4,6,9]. The commonly used helper lipids are
zwitterionic, such as phosphatidylethanolamine (PE) or phos-
phatidylcholine (PC) [25,26] or a combination of them [4,6,9].
EPC is a natural phosphatidylcholine or a lecithin obtained from
egg yolk. It is considered a neutral charge and inert chemical and it
is composed of a mixture of different phospholipids with saturated
and unsaturated acyl chains [18]. DOTAP and DOPE lipids are syn-
thetic andpresent the sameC(18:19):C(18:19) acyl chains,with
one unsaturation. The difference between these molecules is the
hydrophilic headgroup. DOPE is one phosphatidylethanolamine,
with small polar head when compared to the hydrophobic tail.
This conﬁguration leads to a molecular structure in the form of
a truncate cone and its dispersion in water promotes the aggrega-
tion in the inverted hexagonal phase (HII) [27]. DOTAP is one of the
most popular lipids available for transfection purposes. Its polar
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Fig. 3. (A) The surface pressure–area (–A) isotherms of DOTAP/DOPE mixed monolayers formed at the air/water interface. (B) The surface pressure–area (–A) isotherms
o d exp
c ed on
D siona
o f mol
h
c
i
p
w
c
T
r
e
t
c
o
a
y
s
i
o
o

s
f
of DOTAP/DOPE mixed monolayers formed at the air/water interface, for a selecte
omposition for DOTAP/DOPE mixed monolayers; the dashed lines were drawn bas
OTAP/DOPE mixed monolayers at various constant surface pressures. (E) Compres
f the compressional modulus (Csmax−1) vs. composition of the mixtures, in terms o
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The results from EPC/DOTAP indicate the miscibility of DOTAP
n EPC monolayers, as noted in the isotherms and collapse pressure
roﬁles (Fig. 1A and Table 1). The slight non-idealmixture behavior
as conﬁrmedby themean area permolecule curves (Fig. 1B), indi-
ating the presence of attractive forces at higher surface pressures.
he intuitive idea of mixing DOTAP in EPC is that the electrostatic
epulsion among the cationic polar head groups induces a lateral
xpansion of the lipid monolayer and the higher the DOTAP con-
ent, the more intense this effect is, which explains the maximum
ompressionmodulus Cs−1 proﬁles in Fig. 1D and Table 1.We could
bserve that for XDOTAP in the range of 0.4–0.6 the Cs−1 values
re similar (Table 1). An interesting behavior occurs for the anal-
sis of excess free energy (GExc) (Fig. 1C). When XDOTAP is in the
ame range (0.4–0.6), the GExc reaches a minimum. This behavior
ndicates that at this mixed monolayer concentration there is an
ptimum balance between the induced dipoles from the zwitteri-
nic and cationic charges from the polar headgroups.
Additionally, we can observe that when XDOTAP is increased the
value increases from −0.79 (XDOTAP =0.2) to 0.89 (XDOTAP =0.8),uggesting that there is a kind of transition (at XDOTAP =0.6–0.4)
rom the viewpoint of interaction energy.
Similar studies of monolayers composed of a zwitteri-
nic phosphatidylcholine and a cationic lipid were evaluatedanded molecular area from 40 to 90 A˚2. (C) The mean area per molecule (A12) vs.
the additivity rule. (D) The excess free energy of mixing (GExc) vs. composition for
l modulus (Cs−1)– curves for DOTAP/DOPE mixed monolayers. (F) Maximal values
ar fraction of DOPE, XDOPE. The lines are just to guide the eye.
by Zantl et al. [13]. DMPC/DMTAP (dimyristoylphosphatidyl-
choline/dimyristoyl-trimethyl-ammonium propane) monolayers
presented a minimum in the area per headgroup at mol frac-
tion of about 0.5, using simultaneous small and wide-angle
X-ray scattering [13]. In a similar study, Matti et al. [28]
characterized mixed monolayers composed of cationic gem-
ini surfactant, 2,3-dimethoxy-1,4-bis(N-hexadecyl-N,N-dimethyl-
ammonium)butane dibromide (abbreviated as SS-1, a divalent
cationic lipid) and its mixtures with 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) using Langmuir monolayer
studies. The authors identiﬁed that the minimum area per lipid
was reached when XSS-1 = 0.38. Similar results were also obtained
by molecular simulation [11,12].
In all of the above cases, the authors investigated synthetic
lipids. Zantl et al. [13] studied mixed monolayers formed by lipids
with the same hydrophobic tails and the studied effects are exclu-
sively a consequence of hydrophilic headgroups interactions. Matti
et al. [28] studied twodifferent synthetic lipids, concluding that the
interactions are a consequence of the headgroups and tails inter-
actions.
The EPC we used in the present study is a natural lipid
with mixed acyl chains. Hence, the resulting parameters such
as lipid molecules per mean area are a consequence of zwi-
terionic/monocationic polar headgroups and broad acyl chains
distributions. This is probably the reasonwhy the EPC/DOTAPmean
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Fig. 4. (A) Surface pressure–area (–A) isotherms of EPC/DOTAP/DOPE mixed monolayers formed at the air/water interface. (B) Surface pressure–area (–A) isotherms
of EPC/DOTAP/DOPE mixed monolayers formed at the air/water interface, for a selected molecular area, A, range from 30 to 80 A˚2. (C) The mean molecular area (A12) vs.
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or EPC/DOTAP/DOPE mixed monolayers at various constant surface pressures. (E
aximum values of the compressional modulus (Csmax−1) vs. composition of the m
rea per lipid as a function of XDOTAP does not have a pronounced
inimum (Fig. 1B). However, we can observe this minimum in
he GExc proﬁle, suggesting as described before that the balance
etween the induced dipoles from the zwitterionic and cationic
harges from the polar headgroups has a favorable EPC and DOTAP
omposition. Fig. 5A and B presents a schematic representation for
PC, DOTAP for one component monolayer, indicating that there
s no dipole orientation for EPC ﬁlm and the repulsive nature for
OTAP ﬁlm. Fig. 5D, represents the condition for dipole–dipole
rientation, when XDOTAP reaches approximately 0.6.
The monolayer properties are completely changed to EPC/DOPE
hen compared to the previous EPC/DOTAP monolayers. The EPC
nd DOPE one-component isotherms are quite closer, with simi-
ar shapes, but the EPC monolayer is slightly more expanded than
heDOPEmonolayer (Fig. 2A). This behavior is reﬂected in the com-
ressionmodulus (Fig. 2D and Table 1),whenDOPE assumes higher
alues than EPC. This is a consequence of the ability of PE lipids
o form both intra- and intermolecular hydrogen bonds (lateral
nteractions) and hence to adopt amore densely packedmonolayer
tructure [29]. These lateral interactions reduce the PE hydration
27] as schematically shown in Fig. 5C.Despite the same DOPE and EPC zwitterionic nature, the polar
eadgroups are different. It iswell known that theDOPEhas a small
eadgroupandhigher capabilityofhydrationcompared toEPC. This
s a consequence of higher positive charge density of ethanolamine
30–32]. However, not only the amine moiety is exposed to wateron the additivity rule. (D) The excess free energy of mixing (GExc) vs. composition
pressional modulus Cs−1– curves for EPC/DOTAP/DOPE mixed monolayers. (F)
s, in terms of molar fraction of DOPE, XDOPE. The lines are just to guide the eye.
in PE, but also the phosphate and lipid backbone of PE are more
hydrated than those of PC. Overall, the PE headgroup hydration
is approximately 25% larger than PC. The main reason for these
differences resides in their distinct capabilities to perform hydro-
gen bonds [33]. The ability to form direct hydrogen bonds between
the lipid headgroups decides whether the solvation-induced tran-
sition is exothermic (as in dioctadecadienoylphosphatidylcholine
– DODPC, no lipid–lipid H bonds) or endothermic (as in DOPE,
lipid–lipid H bonds present). Consequently, the solvation-induced
transition in DOPE is entropy-driven, while in DODPC is enthalpy-
driven [34].
The positive deviation from the ideal mixing was identiﬁed for
all of the DOPE composition range (Fig. 2B). This positive devia-
tion is a consequence of hydrogen bonds between PE and water
which are necessary for PEmolecules stabilization in EPCmonolay-
ers. As a consequence of these lateral interactions, the mean area
per lipid increases (Fig. 2B) and the mixed EPC/DOPE monolayers
are expanded (Fig. 2A), reﬂecting the decrease in the compression
modulus (Cs−1). Indeed, themonolayer expansion is a consequence
of PE–water hydrogen bonds and it is basically a steric effect rather
than a classic electrostatic repulsion force. This behavior explains
the DOPE immiscibility in the EPC monolayer, as observed in the
collapse pressures differences between one-component and mixed
monolayers (Table 1). We can also observe that  presented posi-
tive values through the whole molar ratio range, conﬁrming the
previous analysis relating the tendency of PE–PE interactions.
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Fig. 5. Schematic representation for EPC, DOTAP and DOPE one-component and mixed monolayers at the air/water interface. (A) One component EPC monolayer. The
zwitterionic headgroup is represented by yellow circles. The arrows represent disorder in the dipole orientation among the polar headgroups. (B) DOTAP monolayer. The
monocationic headgroup is represented by red circles. The parallel arrows represent the headgroups electrostatic repulsion. (C) DOPE monolayer. The zwitterionic headgroup
is represented by gray circles. The scheme represents the intramolecular interactions responsible for densely packed monolayer (compression is represented by arrows). (D)
The DOTAP addition on EPC monolayer. The cationic headgroup causes the dipole orientation of the neutral headgroups, when XDOTAP is in the range of 0.5–0.6, as represented
by the arrows. (E) EPC/DOPE mixed monolayer. The DOPE addition expands the monolayer due to the hydrogen bonds between PE and water, which are necessary for PE
molecules stabilization in an EPC monolayer (expansion is represented by curved arrows). (F) EPC/DOTAP mixed monolayer. DOPE poor rich domain: DOPE small addition
reduces the cationic polar headgroups repulsion. Arrows represent cationic repulsion. (G) EPC/DOTAP mixed monolayer. DOPE rich domain: DOTAP addition disturbs the
intermolecular PE–PE interactions and the formation of hydrogen bonds between PE and water is necessary (arrows represent monolayer expansion). (H) EPC/DOTAP/DOPE
mixedmonolayer. DOPE rich domain: indicating that the DOPE addition (in small quantity)maintains the orientedN–P dipole. The arrows indicate the N–P dipole orientation.
(I) EPC/DOTAP/DOPE mixed monolayer. DOPE rich domain: the presence of EPC/DOTAP disturbs the intermolecular PE–PE interactions. The arrow indicates the N–P dipole
between the cationic and zwitterionic lipids. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of the article.)
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Considering the GExc proﬁle (Fig. 2C), we also observed the
ositive behavior, indicating the necessity of adding energy to
he system in order to promote the lipid mixing, due to an
nergetically non-favored mixture in comparison with an ideal
ne. Consistent results were also found by Bouchet et al. [15].
hese authors veriﬁed that with the addition of an increasing
atio of DMPE (dimyristoylphosphatidylethanolamine) to DMPC
dimyristoylphosphatidylcholine) (in the liquid condensed state),
he energy required to reorganize the monolayer rises, with a
ositive deviation from the ideal behavior. Fig. 5E represents a
chematic behavior for EPC/DOPEmixedmonolayer, indicating that
he addition of DOPE expands the monolayer due to the hydrogen
onds between PE andwater, which are necessary for PEmolecules
tabilization in an EPC monolayer.
DOTAP and DOPE are molecules whose difference is found only
n the headgroups and the resultant parameters of mixed mono-
ayers are mainly a consequence of the polar group interactions.
he DOPE monolayer is more compact than DOTAP as presented in
ig. 3A and Table 1. As previously discussed, it is a consequence of
nter- and intramolecular interactions, which are characteristic of
E molecules [29]. The lower Cs−1 for DOTAP monolayer is a conse-
uence of electrostatic repulsion between the cationic headgroups
Table 1).
Despite the fact that the mixed monolayer isotherms are in
etween the one-component isotherms (Fig. 3A), the collapse pres-
ures do not present a classical miscible or immiscible behavior
Table 1) and it can be the result of differences in weak attraction
nd repulsion predominance according to the monolayer compo-
ition. This anomalous behavior in the collapse pressure reﬂects in
he unexpected high interaction parameter and interaction energy
or XDOTAP 0.8. The negative deviation of the molecular surface
rea additivity from the ideal behavior is moderate with higher
eviations at lower pressures (Fig. 3B). Besides the minimum
deality deviation, GExc proﬁle presents a negative minimum
−1kJmol−1) when XDOPE is in the range of 0.4–0.6 and a positive
aximum (0.6 kJmol−1) when XDOPE is higher than 0.7. This
ehavior indicates that DOTAP/DOPE mixed monolayers presented
wo main conﬁgurations depending on the XDOPE, with moderate
epulsive or attractive force predominance (Fig. 3C). The attractive
orce prevalence observed for XDOPE is in the range of 0.4–0.6
Fig. 3C), and indicates that the addition of a zwitterionic lipid in
his range minimizes the repulsive forces between the cationic
eadgroups. When XDOPE is higher than 0.7, there is a shift in the
orces balance, and the repulsion predominates (GExc is positive).
his indicates that the higher the DOPE concentration, the higher
he inter- and intramolecular PE interactions are. The presence
f small quantities of cationic polar headgroups disturbs the
E–PE interactions and the tendency for DOPE patches formation.
his behavior is reﬂected in the minimum compression modulus
Table 1). We can assume that for XDOPE in the range of 0.5–0.6 the
ixture is energetically favored and for XDOPE higher than 0.7 it is
ot favored. The  and ε values conﬁrm this behavior (Table 1).
Similar GExc results were found for the same binary mixture
n Langmuir monolayers, though considering the subphase with
.1mmol L−1 NaCl instead of water [16]. In this case, the XDOPE for
epulsion/attraction change is 0.7, the same as the one we found.
hese authors have considered the GExc value of −1kJmol−1 very
mall and, therefore, they classiﬁed the DOTAP/DOPE mixture as
deal.Weconsider it amoderate value,which reﬂectsweak changes
n the monolayer organization and it is important to consider this
ariation during our analysis. These weak interactions can reﬂect
hepreviousﬁndings related to atomic forcemicroscopy, indicating
hat the bilayer thickness decreases from DOTAP/DOPE mixed pla-
ar bilayers [17]. Similar analysiswas performed for fatty acids and
hosphatidylcholines binary and ternary monolayers. The molecu-
ar interactions were studied at the same GExc levels and the fattyces B: Biointerfaces 83 (2011) 260–269
acidsmolecules had strong inﬂuence onmembraneproperties [20].
Fig. 5F and G shows a schematic representation of the two domains
(DOPE poor and rich, respectively).
Considering the attractive nature of the EPC/DOTAP mixtures
compared to EPC/DOPE, the pseudo-ternary behavior of the mix-
tures was studied by adding DOPE to a preformed binary mixture
atmolar ratio EPC/DOTAP2:1. This is the selected compositionused
in the previous studies for DNA vaccination [4,6,9].
We have observed that the addition of DOPE to the EPC/DOTAP
monolayer produces two kinds of conﬁgurations or phospholipids
distributions, similar to what has been observed for DOTAP/DOPE.
However, the negative deviation of the molecular surface mean
area additivity from the ideal behavior together with negative
values of excess free enthalpy of mixing in the monolayers
were interpreted in terms of attractive interactions between lipid
molecules even for low XDOPE concentrations, ranging from 0.2 to
0.4 (Fig. 3B and C). In this range, when XDOPE is 0.25, Cs−1 is maxi-
mum, and its value is comparable that of the DOPE one-component
monolayer (Table 1), indicating that this composition allows the
maximum ternary lipid packing. This behavior can be the result
of the PE zwitterionic nature and reﬂects the orientation in the
induced dipole in a similar behavior that of the EPC, despite its
smaller polarheadgroup. In this case,wecan suppose that the inter-
actionmechanism is similar that of EPC/DOTAP as described before.
When XDOPE is higher than 0.5, the higher PE content tends to facil-
itate the PE–PE intermolecular interactions and disturbs the PCs
induced dipoles (due to DOTAP presence), expanding the mono-
layer (Cs−1 reaches a minimum – Table 1), which explains the
positive GExc proﬁle (Fig. 4C). The described behavior was also
conﬁrmed by the  and ε results. These values are negative when
XDOPE is 0.25. Fig. 5H and I presents the schematic mixed monolay-
ers for DOPE poor and rich domains, respectively.
We can also point out that the DOTAP presence in systems com-
posed of EPC and DOPE allows a complete change in the balance
of attractive-repulsive forces. EPC/DOPE monolayers presented the
prevalence of repulsive forces for the whole range of XDOPE (Fig. 2B
and C). The DOTAP presence promotes the prevalence of attractive
forces.
It is possible to relate the lipids monolayer properties to the
properties of a bilayer when the surface pressures are in the range
of 30–35mNm−1 [35]. Considering our systematic monolayer
study and the previous studies that developed EPC/DOTAP/DOPE
2:1:1 liposomes for gene vaccine in laboratorial scale [4,6,9], we
can observe that there are attractive lipid interactions in liposomes.
In this case the lipid miscibility is energetically favorable, pro-
ducing stable aggregates. The balance of attractive and repulsive
forces observed in these monolayer studies produce insights for
the analysis of the molecular packing, stability and the positive
charge density on the cationic liposomes in water. The Langmuir
monolayer experimental conditions (temperature of 25 ◦C and
water as subphase) were selected based on the initial laboratorial
steps for cationic liposome production. The demand for higher
amounts of DNA-cationic liposome vaccine in clinical trials has
led our research group to focus on technological possibilities
for scalable liposome production. The development of a rational
process needs the understanding of fundamentals like overall
intermolecular interactions, based on, for example, on Langmuir
monolayers. These results can contribute for further studies for
scale up of cationic liposomes in water.
5. ConclusionsWe have studied the interaction between binary and ternary
lipids used for gene delivery. These lipids have different properties
and their binary combinations promote different behaviors, with
weak interactions due to the GExc level of −1kJmol−1.
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The EPC monolayer properties are completely changed with the
ddition of DOTAP or DOPE lipids. The DOTAP addition promotes
nergetically favorable mixtures, while DOPE presents repulsive
orces prevalence. The DOTAP or EPC/DOTAP monolayer proper-
ies can be modulated by the DOPE concentration, allowing the
ontrol of the mixture conditions among these lipids. For a small
OPE concentration, the mixed monolayer behavior shows a neg-
tive non-ideal behavior, with attractive forces. If the monolayer is
OPE rich, there is a prevalence of repulsive forces.
This study has contributed to the understanding of the lipid
nteractions for further projects of self-assembled systems which
re useful for gene therapy or vaccination.
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